(19) 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(11) 



EP 1 415 955 A1 



(12) 



EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 



(43) Date of publication: 

06.05.2004 Bulletin 2004/19 

(21) Application number: 02745846.2 

(22) Date of filing: 04.07.2002 



(51) mtci 7: C01 G 23/00, C04B 35/46, 
H01G4/12 

(86) International application number: 
PCT/JP2002/006819 

(87) International publication number: 

WO 2003/004416 (16.01.2003 Gazette 2003/03) 



(84) Designated Contracting States: 

AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 
IE IT LI LU MC NL PT SE TR 
Designated Extension States: 
AL LT LV MK RO SI 

(30) Priority: 04.07.2001 JP 2001203299 

(71) Applicant: SHOWA DENKO K.K. 
Tokyo 105-8518 (JP) 



(72) Inventors: 

• SHIRAKAWA, Akihiko, Corporate R&D Center 
Chiba-shi, Chiba 267-0056 (JP) 

• YOKOUCHI, Hitoshi, Corporate R&D Center 
Chiba-shi, Chiba 267-0056 (JP) 

(74) Representative: Strehl Schubel-Hopf & Partner 
Maximilianstrasse 54 
80538 Munchen (DE) 



(54) BARIUM TITANATE AND ITS PRODUCTION METHOD 



(57) The present invention provides a barium titan- 
ate having a small particle size, containing small 
amounts of unwanted impurities, and exhibiting excel- 
lent electric characteristics, which can be employed for 
forming a dielectric ceramic thin film required for a small- 
sized capacitor which enables production of a small- 
sized electronic apparatus; and a process for producing 
the barium titanate. When a titanium oxide sol is reacted 



with a barium compound in an alkaline solution contain- 
ing a basic compound, the basic compound is removed 
in the form of gas after completion of reaction, and the 
resultant reaction mixture is fired, a barium titanate hav- 
ing a large BET specific surface area and a high tetrago- 
nality content is produced. 
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Description 

Technical Field 

[0001] The present invention relates-to barium titan- 5 
ate employed in, for example, dielectric materials, multi- 
layer ceramic capacitors, and piezoelectric materials, 
and to a process for producing the barium titanate. More 
particularly the present invention relates to a barium ti- 
tanate having a fine structure and a high tetragonality 
content, and to a process for producing the barium ti- 
tanate. 

Background Art 

[0002] Barium titanate has been widely employed as 
a functional material in, among others, dielectric mate- 
rials, multi-layer ceramic capacitors, and piezoelectric 
materials. Electronic parts of small size and light weight 
have been developed, and in accordance with this trend, 
demand has arisen for development of a process for 
producing barium titanate having smaller particle size 
and exhibiting excellent electric characteristics, such as 
a high dielectric constant. 

[0003] Barium titanate having high tetragonality con- 
tent is known to have high dielectric constant, but so far, 
attempts to reduce the particle size of such barium ti- 
tanate to a desired level have failed, whereas in the case 
of barium titanate having small particle size, the tetrago- 
nality content thereof has not been increased, and thus 
the dielectric constant of such barium titanate cannot be 
increased satisfactorily. 

[0004] Examples of processes for producing titanium- 
containing composite oxide particles such as barium ti- 
tanate include a solid-phase process in which powders 
of an oxide and a carbonate, serving as raw materials, 
are mixed in, for example, a ball mill, and the resultant 
mixture is allowed to react at a temperature as high as 
about 800°C or higher, to thereby produce a product; an 
oxalate process in which an oxalic acid composite salt 
is prepared, and the composite salt is thermally decom- 
posed, to thereby produce titanium-containing compos- 
ite oxide particles; an alkoxide process_in which a metal 
alkoxide serving as a raw material is subjected to hy- 
drolysis, to thereby yield a precursor; a hydrothermal 
synthesis process in which a raw material is allowed to 
react in an aqueous solvent at high temperature and 
high pressure, to thereby yield a precursor; a process 
in which a product obtained through hydrolysis of a tita- 
nium compound is reacted with a water-soluble barium 
salt in a strong alkaline aqueous solution (Japanese 
Patent No. 1 841 875); and a process in which a titanium 
oxide sol is reacted with a barium compound in an alka- 
line aqueous solution (International Patent Publication 
WO00/35811). 

[0005] Although the solid-phase process attains a low 
production cost, titanium-containing composite oxide 
particles produced through the process have a large 



particle size, and the particles are unsuitable for use as 
a functional material such as a dielectric material or a 
piezoelectric material. When the thus-produced parti- 
cles are subjected to grinding to thereby form fine par- 
ticles, strain occurs in the resultant fine particles. There- 
fore, barium titanate having high tetragonality content; 
i.e., barium titanate having high dielectric constant, is 
not produced. 

[0006] The oxalate process enables production of 
particles having a particle size smaller than that of par- 
ticles produced through the solid-phase process. How- 
ever, particles produced through the oxalate process 
contain a carbonate group derived from oxalic acid. 
Therefore, the oxalate process cannot produce barium 
titanate exhibiting excellent electric characteristics. 
[0007] The alkoxide process and the hydrothermal 
synthesis process enable production of barium titanate 
having a very small particle size. However, the thus-pro- 
duced barium titanate contains a large amount of a hy- 
droxyl group derived from water. Therefore, the barium 
titanate fails to exhibit excellent electric characteristics. 
Barium titanate produced through the alkoxide process 
contains a carbonate group. 

[0008] Since the hydrothermal synthesis process is 
carried out at high temperature and high pressure, the 
process requires exclusive equipment, and thus produc- 
tion cost increases. 

[0009] The processes disclosed in Japanese Patent 
No. 1841875 and International Patent Publication 
WO00/35811 employ potassium hydroxide or sodium 
hydroxide as an alkali. Therefore, the processes require 
a step of removing such an alkali after completion of re- 
action. Since barium elutes and a hydroxy! group enters 
the resultant barium titanate during the removal step, 
the barium titanate fails to have high tetragonality con- 
tent. 

[0010] The present invention contemplates provision 
of a barium titanate having a small particle size, contain- 
ing small amounts of unwanted impurities, and exhibit- 
ing excellent electric characteristics, which can be em- 
ployed for forming a dielectric ceramic thin film required 
for a small-sized capacitor which enables production of 
a small-sized electronic apparatus; and a process for 
producing the barium titanate. 

Disclosure of the Invention 

[0011] As a result of extensive investigations aimed 
at solving the aforementioned problems, the present in- 
ventors have found that, when a titanium oxide sol is 
reacted with a barium compound in an alkaline solution 
containing a basic compound, the basic compound is 
removed in the form of gas after completion of reaction, 
and the resultant reaction mixture is fired, there can be 
produced barium titanate having a large BET specific 
surface area and a high tetragonality content, which 
cannot be produced through a conventional production 
process. The present invention has been accomplished 
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on the basis of this finding. 

[0012] Accordingly, the present invention provides the 
following. 

(1) A barium titanate comprising at least one ele- 5 
ment selected from the group consisting of Sn, Zr } 
Ca, Sr, Pb, La, Ce, Mg, Bi, Ni, Al, Si, Zn, B, Nb, W, 
Mn, Fe, Cu, and Dy, said at least one element being 

in an amount of less than about 5 mol% (inclusive 
of 0 mol%) on the basis of the entirety of BaTi0 3 , 10 
wherein BET specific surface area x (unit: m 2 /g), 
and the ratio y of the c-axis length (unit: nm) of a 
crystal unit lattice to the a-axis length (unit: nm) of 
the crystal unit lattice as measured by means of a 
Rietveld method satisfy the following relations: 15 

y = c-axis length/a-axis length 

y > 1.011 - 8.8 x 10" b x x J 

(wherein x is greater than about 0.1 and not more 
than 9.7) 

25 

y > 1.003 (x>9.7). 

(2) A barium titanate according to (1 ) above, which 

is in the form of powder. 30 

(3) A process for producing a barium titanate as re- 
cited in (1) or (2) above, comprising reacting a tita- 
nium oxide sol with a barium compound in an alka- 
line solution containing a basic compound, the proc- 
ess comprising a step of reacting the titanium oxide 35 
sol with the barium compound while the concentra- 
tion of a carbonate group contained in the resultant 
reaction mixture is maintained at about 500 mass 
ppm or less as reduced to C0 2 ; a step of removing 

the basic compound in the form of gas after com- 40 
pletion of reaction; and a step of firing the resultant 
reaction mixture. 

(4) A process for producing a barium titanate ac- 
cording to (3) above, wherein the titanium oxide sol 

is produced through hydrolysis of a titanium com- 45 
pound under acidic conditions. 

(5) A process for producing a barium titanate ac- 
cording to (3) or (4) above, wherein the titanium ox- 
ide sol contains brookite-type crystals. 

(6) A process for producing a barium titanate ac- so 
cording to any one of (3) through (5) above, wherein 

the basic compound is a substance which can be 
gasified through evaporation, sublimation, and/or 
thermal decomposition at a temperature at which 
firing is performed; or lower, and at atmospheric 55 
pressure or at a reduced pressure. 

(7) A process for producing a barium titanate ac- 
cording to (6) above, wherein the basic compound 



is an organic base. 

(8) A process for producing a barium titanate ac- 
cording to any one of (3) through (7) above, wherein 
the alkaline solution has a pH of about 11 or more. 

(9) A process for producing a barium titanate ac- 
cording to any one of (3) through (8) above, wherein 
the step of removing the basic compound in the 
form of gas is carried out at a temperature falling 
within a range of room temperature to a tempera- 
ture at which firing is performed and at atmospheric 
pressure or reduced pressure. 

(1 0) A process for producing a barium titanate ac- 
cording to any one of (3) through (8) above, wherein 
the firing step includes the step of removing the ba- 
sic compound in the form of gas. 

(11) A process for producing a barium titanate ac- 
cording to any one of (3) through (1 0) above, where- 
in the firing step is carried out at about 300 to about 
1,20O°C. 

(12) A process for producing a barium titanate ac- 
cording to any one of (3) through (11) above, where- 
in the reaction mixture of the titanium oxide sol and 
the barium compound contains a compound of at 
least one element selected from the group consist- 
ing of Sn. Zr, Ca, Sr, Pb, La, Ce, Mg, Bi, Ni, Al, Si, 
Zn, B, Nb, W, Mn, Fe, Cu, and Dy. 

(1 3) A dielectric ceramic comprising a barium titan- 
ate as recited in (1) or (2) above. 

(14) A capacitor comprising a dielectric ceramic as 
recited in (13) above. 

Mode for Carrying Out the Invention 

[0013] The present invention will next be described in 
detail. 

[0014] A characteristic feature of the barium titanate 
of the present invention resides in that the BET specific 
surface area x (unit: m 2 /g), and the ratio y of the c-axis 
length (unit: nm) of a crystal unit lattice to the a-axis 
length (unit: nm) of the crystal unit lattice as measured 
by means of a Rietveld method satisfy the following re- 
lations: 

y = c-axis length/a-axis length 



y ^ 1.011 - 8.8 x 10" 6 x x 3 

(wherein x is greater than about 0.1 and not more than 
9.7) 

y > 1.003 (x > 9.7). 

[0015] The barium titanate of the present invention; i. 
e., BaTi0 3 , is one type of perovs kite-type compound 
represented by the formula ABQ 3 , wherein A is Ba and 
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B is Ti. The barium titanate may contain at least one 
element selected from the group consisting of Sn ; Zr, 
Ca f Sr, Pb f La ; Ce ; Mg ; Bi, NL Al, SL Zn, B ; Nb, W, Mn, 
Fe, Cu, and Dy, said at least one element being in an 
amount of less than about 5 mof% on the basis of the 
entirety of BaTi0 3 . 

[0016] When the ratio of thec-axis length (hereinafter 
may be abbreviated as "c") to the a-axis length (herein- 
after may be abbreviated as "a"); i.e., c/a (i.e., the afore- 
mentioned ratio y), is high, the tetragonality content be- 
comes high, and thus the dielectric constant becomes 
high. 

[0017] The barium titanate of the present invention 
has a small particle size, has a high electric constant, 
and exhibits excellent electric characteristics. There- 
fore, a small-sized electronic part such as a multi-layer 
ceramic capacitor can be produced from a dielectric ma- 
terial containing the barium titanate, such as a dielectric 
ceramic material. Furthermore, an electronic apparatus 
of small size and a light weight can be produced from 
such an electronic part. 

[0018] In general, barium titanate having a BET spe- 
cific surface area of less than about 0.1 m 2 /g; i.e., bar- 
ium titanate having a very large particle size, is not ef- 
fective for producing a small-sized electronic apparatus. 
In contrast, barium titanate having a BET specific sur- 
face area of more than about 0.1 m 2 /g and less than 
about 9.7 m 2 /g and satisfying the following relations is 
effective for producing a small-sized electronic appara- 
tus: y > 1 .011 - 8.8 x 10' 6 x x 3 (wherein y represents 
the c/a ratio, and x represents the BET specific surface 
area (unit: m 2 /g)). In addition, barium titanate having a 
BET specific surface area of more than about 9.7 m 2 /g 
and a c/a ratio of more than about 1 .003 is effective for 
producing a small-sized electronic apparatus, since a 
powder satisfying the following relation: y > 1 .011 - 8.8 
x 1 0* 6 x x 3 is obtained when the barium titanate is sub- 
jected to heat treatment. 

[0019] The production process of the present inven- 
tion will next be described. 

[0020] No particular limitation is imposed on the tita- 
nium oxide sol employed in the present invention, but a 
titanium oxide sol containing titanium oxide containing 
brookite-type crystals is preferred. So long as the titani- 
um oxide sol contains brookite-type crystals, the titani- 
um oxide sol may contain brookite-type titanium oxide 
singly, or the titanium oxide sol may contain rutile-type 
titanium oxide and anatase-type titanium oxide. When 
the titanium oxide sol contains rutile-type titanium oxide 
and anatase-type titanium oxide, no particular limitation 
is imposed on the amount of brookite-type titanium ox- 
ide contained in the sol. The amount of the brookite-type 
titanium oxide is typically about 1 to 100 mass%, pref- 
erably about 10 to 100 mass%, more preferably about 
50 to 100 mass%. In order to enhance dispersibility of 
titanium oxide particles in a solvent, titanium oxide hav- 
ing a crystalline structure rather than an amorphous 
structure-is preferably employed, because titanium ox- 



ide having a crystalline structure tends to remain in the 
form of primary particles. Particularly, brookite-type tita- 
nium oxide is preferred, because it exhibits excellent 
dispersibii!:;- . The reason why brookite-type titanium ox- 
5 ide exhibits excellent dispersibility has not been clari- 
fied, but conceivably, the high dispersibility of brookite- 
type titanium oxide relates to brookite-type titanium ox- 
ide having a zeta potential higher than that of rutile-type 
titanium oxide or anatase-type titanium oxide. 

10 [0021] Examples of the process for producing titani- 
um oxide particles containing brookite-type crystals in- 
clude a production process in which anatase-type tita- 
nium oxide particles is subjected to heat treatment, to 
thereby produce titanium oxide particles containing 

*5 brookite-type crystals; and a liquid-phase production 
process in which a solution of a titanium compound such 
as titanium tetrachloride, titanium trichloride, titanium 
alkoxide, or titanium sulfate is neutralized or hydrolyzed, 
to thereby produce a titanium oxide sol containing dis- 

20 persed titanium oxide particles. 

[0022] When titanium-containing composite oxide 
particles are produced from titanium oxide particles con- 
taining brookite-type crystals, from the viewpoints of 
small size of the titanium oxide particles and excellent 

25 dispersibility of the particles, a preferred process there- 
for is such that a titanium salt is hydrolyzed in an acidic 
solution to thereby produce titanium oxide particles in 
the form of titanium oxide sol. Specifically, the following 
processes are preferred: a process in which titanium tet- 

30 rachloride is added to hot water at about 75 to about 
100°C ; and the titanium tetrachloride is hydrolyzed at a 
temperature falling within the range of about 75°C to the 
boiling point of the solution, while the concentration of 
chloride ions is controlled, to thereby produce titanium 

35 oxide particles containing brookite-type crystals in the 
form of titanium oxide sol (Japanese Patent Application 
Laid-Open (kokai) No. 11-043327); and a process in 
which titanium tetrachloride is added to hot water of 
about 75 to about 1 00°C, and, in the presence of either 

40 or both of nitrate ions and phosphate ions, the titanium 
tetrachloride is hydrolyzed at a temperature falling with- 
in the range of about 75°C to the boiling point of the 
solution, while the total concentration of chloride ions, 
nitrate ions, and phosphate ions is controlled, to thereby 

45 produce titanium oxide particles containing brookite- 
type crystals in the form of titanium oxide sol (Interna- 
tional Patent Publication W099/58451). 
[0023] The thus-produced titanium oxide particles 
containing brookite-type crystals generally have a pri- 

50 mary particle size of about 5 to about 50 nm. When the 
primary particle size exceeds about 50 nm, titanium- 
containing composite oxide particles produced from the 
titanium oxide particles have a large particle size, and 
the composite oxide particles are unsuitable for use as 

55 a functional material such as a dielectric material or a 
piezoelectric material. In contrast, when the primary par- 
ticle size is less than about 5 nm, difficulty is encoun- 
tered in handling of the titanium oxide particles during 
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the production thereof. 

[0024] In the production process of the present inven- 
tion, when a titanium oxide sol obtained through hydrol- 
ysis of a titanium salt in an acidic solution is employed, 
no particular limitation is imposed on the crystal form of 5 
titanium oxide particles contained in the sol; i.e., the 
crystal form of the titanium oxide particles is not limited 
to a brookite type. 

[0025] When a titanium salt such as titanium tetra- 
chloride or titanium sulfate is hydrolyzed in an acidic so- 
lution, as the reaction rate is reduced as compared with 
the case where hydrolysis is carried out in a neutral or 
alkaline solution, a titanium oxide sol containing titanium 
oxide particles having a primary particle size and exhib- 
iting excellent dispersibility is produced. In addition, as 
anions such as chloride ions and sulfate ions tend not 
to enter the thus-produced titanium oxide particles, 
when titanium-containing composite oxide particles are 
produced from the titanium oxide sol, the amount of an- 
ions which enter the composite oxide particles can be 
reduced. 

[0026] Meanwhile, when a titanium salt is hydrolyzed 
in a neutral or alkaline solution, the reaction rate increas- 
es, and large amounts of nuclei are generated in an ear- 
ly stage. As a result, a titanium oxide sol containing ti- 
tanium oxide particles of a small size but exhibiting poor 
dispersibility is produced, and the titanium oxide parti- 
cles form wig-shaped aggregates. When titanium-con- 
taining composite oxide particles are formed from such 
a titanium oxide sol, although the resultant particles 
have a small particle size, the particles exhibits poordis- 
persibility. In addition, anions tend to enter the inside of 
the titanium oxide particles, and removal of the anions 
in the subsequent step becomes difficult. 
[0027] No particular limitation is imposed on the proc- 
ess for producing a titanium oxide sol through hydrolysis 
of a titanium salt in an acidic solution, so long as acidity 
of the resultant reaction mixture can be maintained. 
However, preferably, there is carried out a process in 
which a titanium tetrachloride serving as a raw material 
is hydrolyzed in a reactor equipped with a reflux con- 
denser, and escape of the thus-generated chlorine from 
the reactor is suppressed, thereby maintaining acidity 
of the resultant reaction mixture (Japanese Patent Ap- 
plication Laid-Open (kokai) No. 11-43327). 
[0028] The concentration of a titanium salt (i.e., a raw 
material) contained in an acidic solution is preferably 
about 0.01 to about 5 mol/L. When the concentration 
exceeds about 5 mol/L, the reaction rate of hydrolysis 
increases, and thus a titanium oxide sol containing tita- 
nium oxide particles of large particle size and exhibiting 
poor dispersibility is obtained, whereas when the con- 
centration is less than about 0.01 mol/L, the concentra- 
tion of the resultant titanium oxide decreases, resulting 
in poor productivity. 

[0029] The barium compound employed in the pro- 
duction process of the present invention preferably ex- 
hibits water-solubility. Typically, the barium compound 



is, for example, a hydroxide, a nitrate, an acetate, or a 
chloride. These compounds may be employed singly, oc 
in combination of two or more species by mixing at ar- 
bitrary proportions. Specific examples of the barium 
compound which may be employed include barium hy- 
droxide, barium chloride, barium nitrate, and barium ac- 
etate. 

[0030] The barium titanate of the present invention 
can be produced through a process in which titanium 
oxide particles containing brookite-type crystals are re- 
acted with a barium compound; or a process in which a 
titanium salt is hydrolyzed in an acidic solution, and the 
resultant titanium oxide sol is reacted with a barium 
compound. 

[0031] Preferably, a reaction is caused to proceed in 
an alkaline solution containing a basic compound. The 
pH of the solution is preferably at least about 11 , more 
preferably at least about 13, much more preferably at 
least about 14. When the pH of the solution is adjusted 
to at least about 14, titanium-containing composite ox- 
ide particles having smaller particle size can be pro- 
duced. Preferably, a basic compound (e.g., an organic 
basic compound) is added to the resultant reaction mix- 
ture, to thereby maintain the pH of the mixture at about 
11 or more. 

[0032] No particular limitation is imposed on the basic 
compound to be added but, preferably, the basic com- 
pound is a substance which can be gasified through 
evaporation, sublimation, and/orthermal decomposition 
at or below a temperature at which firing is performed 
and at atmospheric pressure or reduced pressure. Pre- 
ferred examples of the basic compound which may be 
employed include TMAH (tetramethylammonium hy- 
droxide) and choline. When an alkali metal hydroxide 
such as lithium hydroxide, sodium hydroxide, or potas- 
sium hydroxide is added, such an alkali metal remains 
in the resultant titanium-containing composite oxide par- 
ticles. Therefore : when the composite oxide particles 
are subjected to molding and sintering, to thereby form 
a functional material such as a dielectric material or a 
piezoelectric material, properties of the functional ma- 
terial may be deteriorated. Thus, addition of the afore- 
mentioned basic compound (e.g., tetramethylammoni- 
um hydroxide) is preferred. 

[0033] Furthermore, when the concentration of a car- 
bonate group (including carbonate species such as 
C0 2 , H 2 C0 3 , HCO3-, and CO3 2 ) contained in the reac- 
tion mixture is controlled, barium titanate having high c/ 
a can be produced reliably. The concentration of a car- 
bonate group contained in the reaction mixture (as re- 
duced to C0 2 , hereinafter the same shall apply unless 
otherwise specified) is preferably about 500 mass ppm 
or less, more preferably about 1 to about 200 mass ppm, 
much more preferably about 1 to about 100 mass ppm. 
When the concentration of a carbonate group falls out- 
side this range, barium titanate having high c/a may not 
be produced. 

[0034] In the reaction mixture, preferably, the concen- 
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tration of titanium oxide particles or a titanium oxide sol 
is regulated to about 0.1 to about 5 mol/L, and the con- 
centration of a barium-containing metallic salt as re- 
duced to a metal oxide is regulated to about 0.1 to about 
5 mol/L. In addition, a compound of at least one element 
selected from the group consisting of Sn, Zr, Ca, Sr, Pb, 
La, Ce, Mg : Bi, Ni, Al, Si, Zn, B, Nb, W, Mn, Fe, Cu, and 
Dy may be added to the reaction mixture such that the 
resultant barium titanate contains such an element in an 
amount of less than about 5 mol% on the basis of the 
entirety of BaTi0 3 . When, for example, a capacitor is 
produced from the barium titanate, the type and amount 
of the element added to the reaction mixture may be de- 
termined in accordance with intended characteristics 
(including temperature characteristics) of the capacitor. 
[0035] While being stirred, at ambient pressure, the 
thus-prepared alkaline solution is typically heated to 
about 40°C to the boiling point of the solution, preferably 
about 80°C to the boiling point of the solution, to thereby 
allow reaction to proceed. The reaction time is typically 
at least about one hour, preferably at least about four 
hours. 

[0036] In general, a slurry obtained through the reac- 
tion is subjected to a process employing, for example, 
electrodialysis, ion exchange, washing with water, 
washing with acid, or permeation membrane, to thereby 
remove impurity ions. However, while the impurity ions 
are removed, barium contained in the resultant barium 
titanate is ionized and partially dissolved in the slurry, 
and thus compositional proportions of the barium titan- 
ate are unsatisfactorily regulated to desired proportions. 
In addition, as crystal defects are generated in the bar- 
ium titanate, the c/a ratio of the barium titanate is re- 
duced. Therefore : preferably, removal of impurities such 
as a basic compound is carried out through the below- 
described process rather than the aforementioned proc- 
ess. 

[0037] When a slurry produced through the above-de- 
scribed reaction is subjected to firing, the particles of the 
present invention can be produced. Through firing of the 
slurry, the crystallinity of titanium-containing composite 
oxide particles can be enhanced, and impurities remain- 
ing in the slurry, such as anions (e.g., chloride ions, sul- 
fate ions, and phosphate ions) and a basic compound 
(e.g., tetramethylammonium hydroxide), can be re- 
moved in the form of gas through evaporation, sublima- 
tion, and/or thermal decomposition. Typically, firing is 
carried out at about 300 to about 1 ,200°C. No particular 
limitation is imposed on the firing atmosphere, but typi- 
cally, firing is carried out in air, 

[0038] If desired, from the viewpoint of handing, the 
slurry may be subjected to solid-liquid separation before 
firing. The solid-liquid separation process includes the 
steps of precipitation, concentration, filtration, and/or 
drying. When the steps of precipitation, concentration, 
and filtration are carried out, a flocculant or a dispersant 
may be employed in order to increase (or decrease) the 
precipitation rate or the filtration rate. In a drying step, 



liquid components are evaporated or sublimated 
through, for example, reduced-pressure drying, hot-air 
drying, or freeze-drying. 

[0039] Before firing of the slurry, impurities such as a 
5 basic compound may be removed in the form of gas 
from the slurry at a temperature falling within a range of 
room temperature to a temperature at which firing is per- 
formed and at atmospheric or reduced pressure. 
[0040] The thus-produced barium titanate exhibits ex- 
10 cellent electric characteristics, in which the BET specific 
surface area x (unit: m 2 /g), and the ratio y of the c-axis 
length (unit: nm) of a crystal unit lattice to the a-axis 
length (unit: nm) of the crystal unit lattice as measured 
by means of a Rietveld method satisfy the following re- 
's lations: 

y = c-axis length/a-axis length 

20 

y > 1.011 - 8.8 x 10" 6 x x 3 

(wherein x is greater than about 0.1 and not more than 
9.7) 

25 

y > 1.003 (x>9.7). 

Examples 

30 

[0041] The present invention will next be described in 
detail by way of Examples, which should not be con- 
strued as limiting the invention thereto. 



[0042] An aqueous solution containing 0.25 mol/L ti- 
tanium tetrachloride (product of Sumitomo Sitix, purity: 
99.9%) was placed in a reactor equipped with a reflux 
40 condenser, and the solution was heated to a tempera- 
ture near its boiling point, while the escape of chloride 
ions was suppressed, whereby acidity of the solution 
was maintained. The solution was maintained at the 
temperature for 60 minutes, and the titanium tetrachlo- 
45 ride was hydrolyzed, to thereby yield a titanium oxide 
sol. A portion of the thus-obtained titanium oxide sol was 
dried at 110°C, and the titanium oxide was subjected to 
crystal log raphic analysis by use of an X-ray diffraction 
apparatus (RAD-B Rotor Flex, product of Rigaku Cor- 
se poration). As a result, the titanium oxide was found to 
be brookite-type titanium dioxide. 
[0043] Barium hydroxide octahydrate (product of Bar- 
ium Chemicals Co.. Ltd. (?)) (126 g), and an aqueous 
solution (456 g) — which had been prepared by feeding 
55 carbon dioxide gas to a 20 mass% aqueous solution of 
tetramethylammonium hydroxide (TMAH) (product of 
Sachem Showa) such that the concentration of a car- 
bonate group contained in the solution became 60 mass 
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ppm (as reduced to C0 2 , hereinafter the same shall ap- 
ply unless otherwise specified) — were added to a reac- 
tor equipped with a reflux condenser and the resultant 
mixture was heated to 95°C in the reactor while the pH 
of the mixture was maintained at 14. A titanium oxide 
sol (titanium oxide concentration: 15 mass%) (213 g) 
which had been prepared through precipitation and con- 
centration of the above-obtained titanium oxide sol was 
added dropwise to the reactor at a rate of 7 g/minute. 
[0044] The resultant mixture was heated to 110°C, 
and maintained at the temperature understirring for four 
hours, to thereby allow reaction to proceed. The thus- 
produced slurry was left to cool to 50°C, and then the 
thus-cooled slurry was subjected to filtration. The filter 
cake was dried at 300°C for five hours, to thereby pro- 
duce a fine powder. The actual yield of the powder was 
found to be 99.8% the theoretical yield calculated from 
the amounts of the titanium oxide and barium hydroxide 
employed in the reaction. In order to crystallize the pow- 
der, the powder was maintained in air at 880°C for two 
hours. In this case, the rate of temperature increase was 
regulated to 20°C/minute. 

[0045] The resultant powder was subjected to X-ray 
diffraction analysis by use of an X-ray diffraction appa- 
ratus (RAD-B Rotor Flex, product of Rigaku Corpora- 
tion). As a result, the powder was found to be perovskite- 
type BaTi0 3 . On the basis of X-ray diffraction intensity 
data , the c/a ratio of the powder was obtained by means 
of a Rietveld method, and found to be 1 .0104. The spe- 
cific surface area S of the powder was measured by 
means of a BET method, and found to be 7.1 m 2 /g. The 
above-obtained c/a ratio was found be greater than the 
c/a ratio calculated from the aforementioned formula on 
the basis of the above-measured surface area; i.e., 
1 .0079. The amount of a carbonate group contained in 
the sample (powder) was measured through infrared 
spectroscopy. The amount of a carbonate group was 
found to be about 1 mass% as reduced to barium car- 
bonate. The sample was found to exhibit no sharp ab- 
sorption peak in the vicinity of 3,500 cm" 1 — such an ab- 
sorption peak is known to appear, like the case of car- 
bonate group, when a hydroxyl group is present in a 
crystal lattice. 

Example 2: 

[0046] A perovskite-type BaTi0 3 was produced in a 
manner similar to that of Example 1 . The BaTi0 3 was 
crystallized at 600°C for two hours. The specific surface 
area and c/a ratio of the resultant BaTi0 3 were meas- 
ured in a manner similarto that of Example 1 , and found 
to be 25 m 2 /g and 1 .0032, respectively. 

Example 3: 

[0047] A perovskite-type BaTi0 3 was produced in a 
manner similar to that of Example 1 . The BaTi0 3 was 
crystallized at 950°C for two hours. The specific surface 



area and c/a ratio of the resultant BaTiO a were meas- 
ured in a manner similar to that of Example 1 , and found 
to be 4.1 m 2 /g and 1.0106. respectively. The thus-ob- 
tained c/a ratio was found to be greater than the c/a ratio 
5 calculated from the aforementioned formula; i.e., 
1.0104. 

Example 4: 

[0048] A perovskite-type BaTi0 3 was produced in a 
manner similar to that of Example 1 . The BaTiO a was 
crystallized at 1 ,200°C for two hours. The specific sur- 
face area and c/a ratio of the resultant BaTi0 3 were 
measured in a manner similar to that of Example 1 , and 
found to be 0.5 m 2 /g and 1.0110, respectively. The thus- 
obtained c/a ratio was found to be equal to the c/a ratio 
calculated from the aforementioned formula; i.e., 
1.0110. 



[0049] The procedure of Example 1 was repeated, ex- 
cept that the amount of TMAH to be added was reduced 
and the pH of the alkaline solution was changed to 11 , 
to thereby synthesize a barium titanate. The actual yield 
of the barium titanate was found to be 98% the theoret- 
ical yield. The barium titanate was crystallized at 880°C 
for two hours. The specific surface area and c/a ratio of 
the resultant sample were measured in a manner similar 
to that of Example 1 , and found to be 7.3 rr^/g and 
1.0102, respectively. The thus-obtained c/a ratio was 
found to be greater than the c/a ratio calculated from the 
aforementioned formula; i.e., 1 .0076. 



[0050] The procedure of Example 1 was repeated, ex- 
cept that a choline aqueous solution having a carbonate 
group content of 75 mass ppm was employed in place 
of the TMAH aqueous solution, to thereby synthesize a 
barium titanate. The actual yield of the barium titanate 
was found to be 99.9% the theoretical yield. The barium 
titanate was crystallized at 880°C for two hours. The 
specific surface area and c/a ratio of the resultant sam- 
ple were measured in a manner similar to that of Exam- 
ple 1 , and found to be 7 m 2 /g and 1 .01 03, respectively. 
The thus-obtained c/a ratio was found to be greater than 
the c/a ratio calculated from the aforementioned formu- 
la; i.e., 1.0080. 

50 

Example 7: 

[0051] The procedure of Example 1 was repeated, ex- 
cept that a commercially available anatase-type titan i- 
55 urn oxide sol (STS-02, product of Ishihara Sangyo Kai- 
sya Ltd.) was employed in place of the brookite-type ti- 
tanium oxide sol synthesized in Example 1 , to thereby 
synthesize a barium titanate. The actual yield of the bar- 
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ium titanate was found to be 99.8% the theoretical yield. 
The barium titanate was crystallized at 880°C for two 
hours. The specific surface area and c/a ratio of the re- 
sultant sample were measured in a manner similar to 
that of Example 1 , and found to be 7.7 m 2 /g and 1 .0071 , 5 
respectively. The thus-obtained c/a ratio was found to 
be greater than the c/a ratio calculated from the afore- 
mentioned formula; i.e. : 1.0070. 

Example 8: w 

[0052] The procedure of Example 1 was repeated, ex- 
cept that a TMAH having a carbonate group content of 
1 1 0 mass ppm was employed in place of the TMAH hav- 
ing a carbonate group content of 60 mass ppm, to there- is 
by synthesize a barium titanate. The actual yield of the 
barium titanate was found to be 99.8% the theoretical 
yield. The barium titanate was crystallized at 880°C for 
two hours. The specific surface area and c/a ratio of the 
resultant sample were measured in a manner similar to 20 
that of Example 1 , and found to be 7.3 m 2 /g and 1 .0099, 
respectively. The thus-obtained c/a ratio was found to 
be greater than the c/a ratio calculated from the afore- 
mentioned formula; i.e., 1.0076. 

25 

Example 9: 

[0053] The procedure of Example 1 was repeated, ex- 
cept that a TMAH having a carbonate group content of 
21 5 mass ppm was employed in place of the TMAH hav- 30 
ing a carbonate group content of 60 mass ppm, to there- 
by synthesize a barium titanate. The actual yield of the 
barium titanate was found to be 99.7% the theoretical 
yield. The barium titanate was crystallized at 880°C for 
two hours. The specific surface area and c/a ratio of the 35 
resultant sample were measured in a manner similar to 
that of Example 1 , and found to be 7.5 m 2 /g and 1 .0092, 
respectively. The thus-obtained c/a ratio was found to 
be greater than the c/a ratio calculated from the afore- 
mentioned formula; i.e., 1 .0073. 40 

Example 10: 

[0054] The procedure of Example 1 was repeated, ex- 
cept that a TMAH having a carbonate group content of *s 
490 mass ppm was employed in place of the TMAH hav- 
ing a carbonate group content of 60 mass ppm, to there- 
by synthesize a barium titanate. The actual yield of the 
barium titanate was found to be 99.4% the theoretical 
yield. The barium titanate was crystallized at 880°C for so 
two hours. The specific surface area and c/a ratio of the 
resultant sample were measured in a manner similar to 
that of Example 1 , and found to be 8.1 m 2 /g and 1 .0065, 
respectively. The thus-obtained c/a ratio was found to 
be greater than the c/a ratio calculated from the afore- 55 
mentioned formula; i.e., 1 .0063. 



Example 11 : 

[0055) The procedure of Example 1 was repeated, ex- 
cept that a commercially available anatase-type titani- 
um oxide sol (ST-02, product of Ishihara Sangyo Co., 
Ltd.) was employed in place of the brookite-type titanium 
oxide sol synthesized in Example 1 , to thereby synthe- 
size a barium titanate. The actual yield of the barium 
titanate was found to be 99.8% the theoretical yield. The 
barium titanate was crystallized at 880°C for two hours. 
The specific surface area and c/a ratio of the resultant 
sample were measured in a manner similar to that of 
Example 1 , and found to be 7.7 m 2 /g and 1 .0071 , re- 
spectively. The thus-obtained c/a ratio was found to be 
greater than the c/a ratio calculated from the aforemen- 
tioned formula; i.e., 1.0070. 

Comparative Example 1 : 

[0056] An oxalic acid aqueous solution was heated to 
80°C under stirring, and an aqueous solution of a mix- 
ture of BaCI 2 and TiCI 4 was added dropwise to the oxalic 
acid aqueous solution, to thereby yield barium titanyl 
oxalate. The thus-obtained sample was washed with 
water for removing chlorine therefrom, and subsequent- 
ly the sample was thermally decomposed at 950°C, to 
thereby produce BaTi0 3 . The specific surface area and 
c/a ratio of the resultant BaTi0 3 were measured in a 
manner similar to that of Example 1 , and found to be 4 
m 2 /g and 1.0088 ; respectively. The thus-obtained c/a ra- 
tio was found to be smaller than the c/a ratio calculated 
from the aforementioned formula; i.e., 1.0104. The 
amount of a carbonate group contained in the sample 
(BaT10 3 ) was measured by use of an infrared spectrom- 
eter, and as a result, the amount of a carbonate group 
was found to be 8 mass% as reduced to barium carbon- 
ate. Since a large amount of a carbonate group (i.e., an 
impurity) is generated in the BaTi0 3 , conceivably, the 
BaTi0 3 has a low tetragonal ity content; i.e., dielectric 
characteristics of the BaTi0 3 serving as a dielectric ma- 
terial are unsatisfactory. 

Comparative Example 2: 

[0057] The brookite-type titanium oxide sol synthe- 
sized in Example 1 (667 g), barium hydroxide octahy- 
drate (592 g) (Ba/Ti mol ratio: 1.5), and ion exchange 
water (1 L) were placed in a 3-L autoclave, and the re- 
sultant mixture was subjected to hydrothermal treat- 
ment under saturation vapor pressure at 150°C for one 
hour. The resultant sample was washed with water for 
removing excess barium therefrom, and the sample was 
crystallized at 800°C for two hours. The specific surface 
area and c/a ratio of the resultant sample were meas- 
ured in a manner similar to that of Example 1 , and found 
to be 6.9 m 2 /g and 1 .0033, respectively. The thus-ob- 
tained c/a ratio was found to be smaller than the c/a ratio 
calculated from the aforementioned formula; i.e., 
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1 .0081 . The sample was evaluated by use of an infrared 
spectrometer, and found to exhibit a steep absorption 
peak in the vicinity of 3,500 cm' 1 corresponding to a hy- 
droxyl group contained in a crystal lattice. Conceivably, 
when barium titanate is produced through a hydrother- 5 
mal synthesis method, because a hydroxyl group enters 
a crystal lattice, the resultant barium titanate has a low 
tetragonality content 

Comparative Example 3: 10 

[0058] A perovskite-type BaTi0 3 fine powder was pro- 
duced in a manner similar to that of Example 1 . The pow- 
der was crystallized at 300°C for two hours. The specific 
surface area and c/a ratio of the resultant powder were *s 
measured in a manner similar to that of Example 1 , and 
found to be 45 m 2 /g and 1 .0000, respectively. 

Comparative Example 4: 

20 

[0059] The procedure of Example 1 was repeated, ex- 
cept that TMAH was not added, to thereby synthesize 
a barium titanate. In this case, the pH of the alkaline 
solution became 10.2. The actual yield of the powder 
was found to be 86% the theoretical yield. The results 25 
show that when the pH of the alkaline solution is low- 
ered, the yield of a barium titanate decreases to a non- 
practical level. 

Comparative Example 5: 30 

[0060] The procedure of Example 1 was repeated, ex- 
cept that KOH was employed in place of TMAH, to there- 
by synthesize a barium titanate. The actual yield of the 
barium titanate was found to be 99.9% the theoretical 35 
yield. The barium titanate was subjected to filtration, and 
the resultant sample was washed with water until the K 
content became 100 ppm. The sample was crystallized 
at 800°C for two hours. The specific surface area and 
c/a ratio of the resultant sample were measured in a 40 
manner similar to that of Example 1 , and found to be 9 
m 2 /g and 1 .0030, respectively. The thus-obtained c/a ra- 
tio was found to be smaller than the c/a ratio calculated 
from the aforementioned f ormu la; i .e. , 1 .0046. The sam- 
ple was evaluated by use of an infrared spectrometer, 45 
and found to exhibit a steep absorption peak in the vi- 
cinity of 3,500 cm 1 corresponding to a hydroxyl group 
contained in a crystal lattice. Furthermore, the Ba/Ti mol 
ratio was found to have decreased 0.007 from that be- 
fore washing of the sample; i.e., Ba, along with K, was so 
eluted through washing of the sample. 

Comparative Example 6: 

[0061] The procedure of Example 1 was repeated., ex- 55 
cept that a TMAH having a carbonate group content of 
1 ,000 mass ppm was employed in place of the TMAH 
having a carbonate group content of 60 mass ppm, to 



thereby synthesize a barium titanate. The actual yield 
of the barium titanate was found to be 99.4% the theo- 
retical yield. The barium titanate was crystallized at 
880°C for two hours. The specific surface area and c/a 
ratio of the resultant sample were measured in a manner 
similar to that of Example 1 , and found to be 8.3 m 2 /g 
and 1.0058, respectively. The thus-obtained c/a ratio 
was found to be smaller than the c/a ratio calculated 
from the aforementioned formula; i.e., 1 .0060. 

Industrial Applicability 

[0062] A barium titanate in which the BET specific sur- 
face area x (unit: m 2 /g), and the ratio y of the c-axis 
length (unit: nm) of a crystal unit lattice to the a-axis 
length (unit: nm) of the crystal unit lattice as measured 
by means of a Rietveld method satisfy the following re- 
lations: 

y = c-axis length/a-axis length 

y > 1.011 -8.8 x 10" 6 x x 3 

(wherein x is greater than about 0.1 and not more than 
9.7) 

y > 1 .003 (x > 9.7) 

has a small particle size, has a high electric constant, 
and exhibits excellent electric characteristics. There- 
fore, a small-sized electronic part such as a multi-layer 
ceramic capacitor can be produced from a dielectric ma- 
terial containing the barium titanate, such as a dielectric 
ceramic material. Furthermore, an electronic apparatus 
of small size and light weight can be produced from such 
an electronic part. 



Claims 

1. A barium titanate comprising at least one element 
selected from the group consisting of Sn, Zr, Ca, Sr, 
Pb, La, Ce, Mg, Bi : Ni, Al, Si, Zn, B, Nb, W, Mn, Fe, 
Cu, and Dy, said at least one element being in an 
amount of less than 5 mol% (inclusive of 0 mol%) 
on the basis of the entirety of BaTi0 3 , wherein BET 
specific surface area x (unit: m 2 /g), and the ratio y 
of the c-axis length (unit: nm) of a crystal unit lattice 
to the a-axis length (unit: nm) of the crystal unit lat- 
tice as measured by means of a Rietveld method 
satisfy the following relations: 

y = c-axis length/a-axis length 
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y > 1.011 -8.8 x 10 x x 

(wherein x is greater than about 0.1 and not more 
than 9.7) 

y > 1.003 (x> 9.7). 



1 0. A process for producing a barium titanate according 
to any one of claims 3 to 8, wherein the firing step 
includes the step of removing the basic compound 
in the form of gas. 

1 1 . A process for producing a barium titanate according 
to any one of claims 3 to 1 0, wherein the firing step 
is carried out at 300 to 1 ,200°C. 



2. A barium titanate according to claim 1 , which is in 
the form of powder. 

3. A process for producing a barium titanate as recited 
in claim 1 or 2, comprising reacting a titanium oxide 
sol with a barium compound in an alkaline solution 
containing a basic compound, the process compris- 
ing a step of reacting the titanium oxide sol with the 
barium compound while the concentration of a car- 
bonate group contained in the resultant reaction 
mixture is maintained at about 500 mass ppm or 
less as reduced to C0 2 ; a step of removing the basic 
compound in the form of gas after completion of re- 
action; and a step of firing the resultant reaction mix- 
ture. 

4. A process for producing a barium titanate according 
to claim 3, wherein the titanium oxide sol is pro- 
duced through hydrolysis of a titanium compound 
under acidic conditions. 

5. A process for producing a barium titanate according 
to claim 3 or 4, wherein the titanium oxide sol con- 
tains brookite-type crystals. 

6. A process for producing a barium titanate according 
to any one of claims 3 to 5, wherein the basic com- 
pound is a substance which can be gasified through 
evaporation, sublimation, and/or thermal decompo- 
sition at a temperature at which firing is performed 
or lower and at atmospheric pressure or reduced 
pressure. 



10 12. A process for producing a barium titanate according 
to any one of claims 3 to 11 , wherein the reaction 
mixture of the titanium oxide sol and the barium 
compound contains a compound of at least one el- 
ement selected from the group consisting of Sn, Zr, 
Ca, Sr, Pb, La, Ce, Mg, Bi, Ni, Al, Si, Zn, B ; Nb, W, 
Mn, Fe, Cu, and Dy. 

1 3. A dielectric ceramic comprising a barium titanate as 
recited in claim 1 or 2. 
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14. A capacitor comprising a dielectric ceramic as re- 
cited in claim 13. 



7. A process for producing a barium titanate according 
to claim 6, wherein the basic compound is an or- 
ganic base. 

8. A process for producing a barium titanate according 
to any one of claims 3 to 7, wherein the alkaline so- 
lution has a pH of at least 11 . 

9. A process for producing a barium titanate according 
to any one of claims 3 to 8, wherein the step of re- 
moving the basic compound in the form of gas is 
carried out at a temperature falling within a range 
of room temperature to a temperature at which firing 
is performed and at atmospheric pressure or re- 
duced pressure. 
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